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Figure 2.3.1 Map of MO-23 Work Zone (Google Maps 2017) 

Table 2.3.1 MO-23 Field Data Collection Information 

Location: 

MO-23 Hwy, Knob Noster, MO 

Two-lane highway 

Speed limit 55 mph 

AADT: 2,610 vpd (directional 1,305) 

Length: 2,400 ft. (from the flagger to AFAD)  

Duration: 
01/30/2017 09:17 AM – 04:47 PM 

01/31/2017 09:57 AM – 04:29 PM 

 

2.3.1 Data Collection 

The data collection deployment on MO-23 Highway is shown in Figure 2.3.2. The difference 

between the deployment and the field study plan was that the north side camera was placed on 

the left side of road due to topographic constraints. This change had minimal impact because the 

small volume of opposing traffic did not occlude the camera. On one end of the work zone, there 

was an AFAD mounted on a truck-mounted attenuator (TMA) truck (Figure 1.1.1) with an 

operator sitting inside the TMA vehicle to control the AFAD remotely. On the other end, there 

was a human flagger standing next to the traffic lane to show STOP/SLOW paddles (Figure 

2.3.3). Speed guns and cameras were set up at each side to record approaching speeds of 

vehicles. On the first day, the AFAD was located on the south side of the work zone, and the 

flagger was on the north side. On the second day, the locations of the AFAD and flagger were 

reversed. Thus each type of flagging was deployed at both directions.  
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(a) MO-23 Work Zone (Google Maps 2017)  

 

               

                      (b) South end, first day (AFAD)               (c) North end, first day (Flagger) 
 

                 
             (d) South end, second day (Flagger)       (e) North end, second day (AFAD) 

Figure 2.3.2 Field Settings on MO-23 Work Zone  
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Figure 2.3.3 Flagger 

2.3.2 Data Processing 

Field videos were reviewed and performance data were obtained. Only vehicles that encountered 

the STOP message were processed; those vehicles that encountered the SLOW display and drove 

through directly were not processed. The reason for focusing on stopped vehicles was to assess 

the safety impacts of flagging systems. The number of samples is shown in Table 2.3.2. The 

sample size collected was 334 total, of which 186 was for AFAD and 148 for flagger. 

Table 2.3.2 Summary of Field Data Collected 

Field Data Traffic Control Types 
Total 

Location AFAD Flagger 

South End 102 (First Day) 82 (Second Day) 184 

North End 84 (Second Day) 66 (First Day) 150 

Total 186 148 334 

 

After the field data was collected, the research team reviewed the videos, and conducted the data 

reduction process. Seven Measures of Effectiveness (MOEs) were defined for data reduction as 

described below.  

 MOE 1: speed of the leading vehicle at 250 ft. from the AFAD/Flagger (Figure 2.3.4). The 

speed was read from the speed gun. However, the speed gun did not display any speeds lower 

than 10 mph, so researchers estimated speeds less than 10 mph using the speed from the last 

reading.  
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Figure 2.3.4 MOE 1 Example: Speed of the Leading Vehicle at 250 ft. from AFAD/Flagger 

 MOE 2: full stop location (Figure 2.3.5). Location of vehicle’s front end when the vehicle 

came to a full stop. The location was the distance from the AFAD or flagger. The distance 

was determined from the video based on the delineator cones that were placed. 

 
Figure 2.3.5 MOE 2 Example: Full Stop Location 

 MOE 3: waiting time (Figure 2.3.6). Waiting time was measured as the time gap between the 

time when the vehicle came to a full stop and when the vehicle started to move again after 

receiving the SLOW indication from the flagger or AFAD. 
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Figure 2.3.6 MOE 3 Example: Waiting Time 

 MOE 4: reaction time (flagger/AFAD CMS) (Figure 2.3.7). Reaction time was measured as 

the time between when STOP changes to SLOW (paddle for flagger and CMS for AFAD) 

and when the vehicle restarts. At the time of the field experiment, the SLOW paddle on 

AFAD and the messages on CMS were not fully synchronized. When the message on the 

CMS changed from STOP to SLOW, the paddle started to turn, and it took four seconds to 

finish turning. Drivers appeared to react based on the message shown on CMS. The time lag 

between the paddle and CMS on the AFAD was corrected after the field work. For the 

AFAD, reaction time was measured based on the CMS and not the paddle since drivers 

appeared to react to the CMS.  



16 

 

 
Figure 2.3.7 MOE 4: Reaction Time 

 MOE 5: Intervention rate (Figure 2.3.8). Intervention refers to when a vehicle ignored the 

STOP sign and was stopped by the AFAD or flagger. If a vehicle came too close to the 

AFAD or tried to go through, then the AFAD truck would sound its horn. If a vehicle came 

too close to the flagger, then the flagger stopped the vehicle via gestures. In either case, it 

was regarded as one intervention. Intervention rate equals the ratio of interventions over the 

sample size. 
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Figure 2.3.8 MOE 5: Intervention Rate 

 MOE 6: speed of the 1st following vehicle at 250 ft. from AFAD/Flagger. Similar to MOE 1, 

the speed was again captured at 250 ft.  

 
Figure 2.3.9 MOE 6: Speed of the 1st Following Vehicle at 250 ft. from AFAD/Flagger 

 MOE 7: queue length (Figure 2.3.10). The number of vehicles in a queue.  
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The seven MOEs were extracted and data were grouped by direction (southbound/northbound), 

flagging type (AFAD/Flagger), and vehicle type (sedan, pickup, commercial vehicle). Since the 

height of vehicles impacts sight distance, taller passenger vehicles such as SUVs, pickups, and 

minivans were differentiated and labeled as the pickup category.  

 
Figure 2.3.10 MOE 7: Queue Length 

2.3.3 Field Data Results 

All of the MOEs were recorded and extracted from videos. Differences between MOEs were 

calculated to compare AFAD and flagger performance. Confidence level was indicated by the t-

test result, and the effect size was indicated by Cohen’s d. Cohen's d indicates the standardized 

difference between two means. Cohen’s d equals the ratio of the difference over the standard 

deviation.  

MOE 1 measured the speed of the leading vehicle at 250 ft. from the AFAD/Flagger. As shown 

in Table 2.3.3, the average approaching speed of vehicles that encountered AFAD was 23.2 mph, 

and the approaching speed of vehicles that encountered the human flagger was 27.4 mph. 

Approach speeds for vehicles that traveled through the AFAD were significantly lower than for 

the human flagger with a confidence level higher than 99.9 percent. Cohen's d indicated that the 

standardized mean of AFAD speed was 0.667 standard deviations lower than the mean of 

flagger.  
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Table 2.3.3 Speed of the Leading Vehicle at 250 ft. from the AFAD/Flagger 

  
Speed at 250 ft. 

(mph) 

AFAD 23.23 

Flagger 27.37 

Confidence 

Level 
> 99.9%* 

Difference -4.14 

Cohen's d -0.667 

* indicates significance at 99% confidence level 

MOE 2 measured the full stop location of vehicles that encountered STOP message/paddle. As 

shown in Table 2.3.4, the average full stop location of vehicles that encountered AFAD was 

61.07 ft. behind the AFAD, and the average full stop location of vehicles that encountered 

human flagger was 49.64 ft. behind the flagger. The full stop location for AFAD was 

significantly farther away than the flagger with the confidence level being higher than 99.9 

percent. Cohen’s d indicated the mean of AFAD full stop location was 0.436 units of standard 

deviation farther than flagger. 

Table 2.3.4 Full Stop Location 

  Full Stop Location (ft.) 

AFAD 61.07 

Flagger 49.64 

Confidence 

Level 
> 99.9%* 

Difference 11.43 

Cohen's d 0.436 

* indicates significance at 99% confidence level 

MOE 3 measured the waiting time of the first vehicle in the queue, and MOE 7 measured the 

queue length in the stopped queue. MOEs 3 and 7 are shown in Table 2.3.5. These two MOEs 

were not related to safety but efficiency. Waiting time was defined as the time gap between 

vehicle restart and full stop. The waiting time for the AFAD was approximately 33 seconds less 

than the waiting time for the flagger. In some instances, the AFAD waiting time was increased 

because the AFAD showed “SLOW” on the CMS and the STOP paddle while vehicles were still 

clearing the work zone, thus requiring vehicles to wait for the opposing traffic to clear. An 

example of this situation is shown in Figure 2.3.11. One contributing factor to this situation was 

a synchronization delay between the STOP/SLOW paddle and the CMS. Although the 

synchronization issue has since been corrected, it is recommended that the AFAD operator 

ensures that all traffic has passed the end of the TMA (rather than the location of the AFAD 

operator) before switching the paddle and CMS from “STOP” to “SLOW”. 



20 

 

 
Figure 2.3.11 Delay due to Opposing Traffic Not Clearing 

Table 2.3.5 Waiting Time and Queue Length 

  Waiting Time (s) Queue Length (veh) 

AFAD 72.25 1.70 

Flagger 105.52 2.08 

Confidence 

Level 
99.8%* 99.4%* 

Difference -33.26 -0.39 

Cohen's d -0.389 -0.301 

* indicates significance at 99% confidence level 

MOE 4 measured the reaction time of the first vehicle in the queue. It was calculated as the time 

gap between the first appearance of SLOW message (AFAD) or paddle (flagger) and when the 

vehicle started to move again. As previously discussed, the reaction time based on the AFAD 

CMS was ultimately used instead of the AFAD paddle. As shown in Table 2.3.6, the average 

reaction time for the AFAD was 4.41 s, and for the flagger was 1.69 s. The reaction time for the 

AFAD was significantly longer than for the flagger. This result may be due to the differences in 

interpersonal communication with a person as opposed to interaction with a device. Another 

reason for the significant longer reaction time for drivers who encountered AFAD may be that 

some drivers were looking at their cellphones or were otherwise distracted, but the drivers that 

passed through the flagger may have been less distracted due to the presence of a live human 

flagger standing by the side. Also, as previously discussed, the lag between the CMS display and 

the paddle turning could also have been a factor. Cohen’s d (effect size) indicated that the mean 

reaction to AFAD was 2.921 units of standard deviation longer than reaction time to flagger.  
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Table 2.3.6 Reaction Time (AFAD based on CMS, flagger based on paddle) 

  
Reaction Time (CMS) (s) 

Based on AFAD CMS 

Reaction Time (CMS) (s) 

Based on AFAD Paddle 

AFAD 4.41 0.412 

Flagger 1.69 1.690 

Confidence Level > 99.9%* > 99.9%* 

Difference 2.72 -1.279 

Cohen's d 2.921 -0.530 

* indicates significance at 99% confidence level 

MOE 5 measured the intervention rate, which could be an indication of driver misunderstanding 

of the AFAD or flagger. Intervention refers to when a vehicle ignored the STOP sign, thus 

requiring the AFAD to honk its horn or the flagger to stop the vehicle using gestures. In some 

instances, the vehicle backed up to the proper position after the intervention. The intervention 

rate for AFAD was slightly lower than flagger, as shown in Table 2.3.7. However, the difference 

was not statistically significant. A previous MnDOT (2005) evaluation reported an intervention 

rate of 0.0096 (5/313). This is a similar low but non-negligible intervention rate.  

Table 2.3.7 Intervention Rate 

  Intervention Rate 

AFAD 0.016 (3/193) 

Flagger 0.019 (3/155) 

Confidence 

Level 
21.3% 

Difference -0.004 

Cohen's d -0.029 

 

MOE 6 measured the approaching speed of the second vehicle in the queue. As shown in Table 

2.3.8, the average speed of the second vehicle in the AFAD queue at 250 ft. was 20.6 mph, and 

in the flagger queue was 23.1 mph. The difference was significant at the 99.5 percent confidence 

level. This result indicates that the second vehicle approached the AFAD at a lower speed than 

vehicles approaching the flagger. 
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Table 2.3.8 1
st
 Following vehicle Speed at 250 ft.  

  
1st Following Vehicle 

Speed at 250 ft. (mph) 

AFAD 20.63 

Flagger 23.09 

Confidence 

Level 
99.5%* 

Difference -2.46 

Cohen's d -0.460 

* indicates significance at 99% confidence level 

During the field collection process, unusual driving behavior was observed. Types of unusual 

driving behaviors include high approaching speed and extra-long reaction time. Two instances of 

high speeds at the flagger end were a pickup going 47 mph and an SUV going 55 mph (Figure 

2.3.11). These two vehicles had approaching speeds which were much higher than the other 

vehicles since the average approaching speed was 27.4 mph. For long reaction times (Figure 

2.3.12), one leading vehicle at the AFAD end had a reaction time of 20 seconds, while the 

average reaction time for AFAD was 4.41 s. After the CMS showed the SLOW sign, the leading 

vehicle did not realize the change of message on CMS, and the AFAD honked twice to get the 

vehicle’s attention. 
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Figure 2.3.12 Vehicle Approaching Flagger at High Speed 

 
Figure 2.3.13 Vehicle Long Reaction Time to SLOW Indication on AFAD 

Interventions at the south side of the work zone were less frequent than interventions at the north 

side of the work zone. One reason why the intervention rate at the north side was higher (Table 

A-2.2 and A-3.2, Appendix A) may be the difference in grades at the two ends. In the field study, 
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